Abstract -There is a need for a long-life power generation scheme that could be used downhole in an oil well to produce 1 Watt average power. There are a variety of existing or proposed energy harvesting schemes that could be used in this environment but each of these has its own limitations. The vibrating piezoelectric structure is in principle capable of operating for very long lifetimes (decades) thereby possibly overcoming a principle limitation of existing technology based on rotating turbo-machinery.
Introduction
There are several energy sources in the environment such as light, thermal, flow, and mechanical vibration that can be tapped to provide useful energy. The conversion of these ubiquitous energy sources into useful amounts of electrical energy is called energy harvesting. In this paper we are investigating using fluid flow to induce vibrations in piezoelectric transducers to generate electricity. A variety of energy harvesting systems have been developed using piezoelectric or electrostrictive materials and many distinct vibration modes have been used to generate electrical power [ 1 ] . The energy harvesting application we are targeting is in downhole oil/water flow with the potential for the ambient pressures to reach 30000 psi and a temperature up to 200 o C. The necessity for energy harvesting in downhole oil producing wells is crucial as transmitting power from the surface is complicated by difficulty of making electrical connections across production packers. If the power can be produced locally by energy harvesting of the oil flow, the need to transmit power down the hole is removed, and downhole devices can be powered locally which reduces the overall complexity and difficulty of the system.
The approach we are investigating to harvest power is to use flow energy from the oil/water flow in downhole pipes; for example, oil can flow as fast as 15 m/s in the inner pipe, and the mechanical power associated with this high flow rate can be calculated as follows:
where E is the kinetic energy, t is the time, ρ is the density, A is the cross sectional area of the pipe, v is the fluid velocity and Q is the flow rate (Q=v/A). Ignoring any fluid compression effects at 15 m/s and a density of 900 kg/m 3 of oil in a 4 inch diameter pipe, we have 12.5 kW of power flowing across the cross sectional area of the pipe. Since the power is proportional to the cube of the velocity one can extract 3% of the total power and only reduce the velocity by 1%. This suggests that one can easily extract useful power of the order of 10 watts without noticeably impeding the flow rate. This power may then be conditioned and used to do useful work downhole.
The mechanical energy can be converted into electrical energy through various transduction mechanisms, such as piezoelectric, electromagnetic and electrostatic [1] . Among them, piezoelectrics have been the mainstay for energy harvesting system due to their high electromechanical coupling with no external voltage source requirement [2, 3, 4, 5, 6, 7, 8, 9, 10, 11] . In addition, they can operate with limited strain and in non rotating systems which offers the potential to produce long life harvesting systems due to limited wear, and piezoelectric materials with large piezoelectric activity and with Curie temperatures in the 300 o C range are commercially available so the potential to operate at higher temperatures is also an advantage. A variety of studies have looked at methods to convert flow energy into vibrations including vortex shedding [12, 13, 14, 15, 16] , flapping motions [17] and hydraulic pressure [18] . This paper presents the results of our experiments on a variety of designs for flow energy harvesters which used nozzles and/or flow cavities along a pipe to produce conditions that excite a vibrating piezoelectric structure. The performance and generated average power of each nozzle investigated will be presented in this paper.
II. Electromechanical model of a piezoelectric cantilever
A cantilevered beam with one or two piezoelectric layers (a unimorph or a bimorph) has been used to design our energy harvesting devices. The key benefit of this design is it allows the piezoelectric transducer to have a low resonant frequency, allowing the cantilever system to match the frequency content of the unsteady flow. This design also offers large amplitude of vibration for a given oscillatory force (i.e., fluid flow), increasing the mechanical power stored in the cantilever system. Figure 1 shows a schematic diagram of parallel bimorph, where the two piezoelectric layers have the same polarization directions, and the electric voltage is applied between the intermediate electrode and the top/bottom electrodes. The constitutive equations describing the behavior of the cantilever type piezoelectric bimorph were derived by Smits et al. [19, 20] , where the slope, α and the deflection, δ at the end, the displaced volume, ν and the charge on the electrode, Q is related to a moment at the end, M, a force at the end, F, a uniformly applied pressure, p and the voltage over the electrodes, V through a bimorph matrix. The matrix under static condition can be written by the following equation: 
where d 31 , k 31 and s 11 E are the piezoelectric strain coefficient, electromechanical coupling and open circuit elastic compliance, respectively. ε 33 T is the dielectric permittivity. L, w, and h are length, width, and thickness of a piezoelectric element. If only an external force F is acting at the bimorph tip under an open circuit condition, the tip deflection, generated electrical charge and voltage can be calculated using the following equations (3) (4) (5) , which allows for the calculation of the amount of the electrical energy (E=1/2 QV) converted from mechanical force (F) for a given piezoelectric material.
where t is the total thickness of the bimorph and g 31 is the piezoelectric voltage coefficient. This highlights that the generated electrical energy is proportional to the product of piezoelectric d and g coefficients.
A piezoelectric harvester generates the maximum power when it is made to vibrate at its resonant frequency. Thus, the key requirement for the harvester design is to match the frequency content of the unsteady flow to the resonance frequency of the vibrating structure in a closely coupled fluid-structure interaction design. The induced vibration frequency of a cantilever in a fluid flow is expected to be in the low frequency regime (i.e, 1 kHz), requiring a low resonant frequency bimorph structure. The natural frequency of the bimorph can be predicted using the following equation (6) [21] . (6) A piezoelectric bimorph in a parallel connection produced by APC International [22] was used to demonstrate the power generation in a proof-of-concept flow energy harvester. This bimorph consists of two thin (0.2 mm) strips of piezoelectric elements that are 44 mm long (free length) and 2 mm wide. They are covered with a thin layer to protect and electrically isolate the electrodes. The physical and electrical parameters of this bimorph are listed in Table 1 .
Finite element analysis of the bimorph harvester was performed to investigate the power output capability of this bimorph design. In this model, the bimorph transducer was surrounded by air, and the electrical impedance was simulated using circuit models. Experimental electrical impedance of this bimorph was also determined using a network analyzer (HP 4294A, Hewlett Packard, Palo Alto, CA). The simulated electrical impedance from the bimorph mounted in harvester over a frequency range (40-1200 Hz) is shown in Figure 2 . For comparison, the measured electrical impedance with the HP 4294A network is also plotted. Note that the simulated impedances were close to those from the measured HP
ρs 11 E 4294A network. The measured first mode natural resonance frequency and the second harmonic of the bimorph are found to be 160 Hz, and 1018 Hz, respectively, while those from simulated results are 165 Hz and 1050 Hz, respectively. 
Figure 2:
Impedance and phase spectra of bimorph mounted in the harvester chamber (fixed-free).
Note that in order to achieve maximum power transfer from the source to the load, the load resistance is matched to the source impedance (piezoelectrics). The optimum electrical impedance of piezoelectric material can be calculated by 1/jωC+R, where R and C are the internal resistance and capacitance related to the dielectric permittivity and loss (i.e., R=tanδ/ωC) of the piezoelectric material [23] . Figure 3 shows the theoretical power output as a function of frequency and load resistance. In the frequency-resistance plane from simulated results, the magnitude of normalized power level was represented by contour. In the calculation, it was assumed that the applied force F is 0.1 N, which gives approximately 0.8 mm deflection according to the equation (5) . As expected, a large output power can be obtained at both resonant (160 kHz) and antiresonant (170 kHz) frequencies at the matched impedances, being on the order of 0.5-0.6 mW. This indicates that the piezoelectric bimorph is capable of generating power in the milliwatt range under 1 mm tip deflection. 
III. Flow energy harvester design and tests
There are a variety of potential methods to couple the flow energy to the structure with the transduction mechanism located away from the flow. Several types of flow induced energy harvester methods were considered in this study; one is a hydraulic pressure based method [18, 24] , a second is a bluff body based method [12, 13, 14, 15, 16 ], yet another is based on leakage-flow instabilites which induce large displacements in the bimorph tip when fluid flows past a narrow passage [25] . For example, when the flow is passing through the nozzle, the pressure fluctuation forces the bimorph to move alternately up and down, creating internal stresses and producing electricity. The asymmetric pressure distribution on the surface of the piezoelectric bimorph results in the oscillatory deflection and the generation of electrical power. Schematic drawings of a few of these models and designs are shown in Figure 4 . Figure 8 . The loop contains a motor/ pump, a reservoir, a regulator and a pressure gauge before and after the flow energy harvester, a filter, a safety release valve and a flow meter. The pressure before and after the flow energy harvester is measured and controlled by the pump current and needle valve to the harvester, and the flow rate is monitored using flow meters. The flow loop output is collected into an open reservoir and the pump draws the fluid from the bottom of this reservoir. The initial rapid prototype harvesters were not designed to withstand the larger pressures. During testing, there were leaks in the plexi-glass plate at the glue joint. In order to accommodate the higher pressure the harvesters were also redesigned, where the flow profile is mounted on the body of the harvester and an o-ring is inserted into the groove. The plexi-glass cover is screwed into it to seal against the o-ring. A schematic diagram of this design is shown in the inset in Figure 8 .
The results of the test for the FEH-C design depending on the load resistance and flow rate are listed in Table 2 . Note that when the flow rate is low, no deformation on the bimorph occurred, producing negligible voltage output. This is because the instanteneous pressure distribution over the length of the bimorph is largely symmetric about its length. A noticeable voltage or power output was found when the flow rate exceeded 3 L/min. Above this level the power level increased with increasing flow rate. The power was measured to be 0.5 mW under a flow rate of 3.8 L/min and jumped to 3.5 mW under a flow rate of 7.6 L/min. The maximum average power levels were found at matched resistances that ranged between 20 kOhms for the lower flow levels and and 50 kOhm for the higher flow rates. An example of the output voltage waveform and FFT analysis under 5.6 L/min with a 20 kOhm load resistor is shown in Figure 9 . Note that in the frequency domain, most of the energy was concentrated at the first resonant frequency with a relatively narrow band compared to the frequency response of previous nozzle design shown in Figure 6 . The tip deflections of the bimorph were in the range from 2 and 3 mm. Interestingly, a further increase in flow rate above 7.7 L/min resulted in a mode change from the first mode to second harmonic mode, exhibiting a second harmonic deflection with high frequency excitations in the 500-600 Hz range. The power level was observed to be essentially flate with flow rate above 7.7 L/min. 
IV. Conclusion and Future work
Flow energy piezoelectric harvesters were investigated, and it was found that spline nozzle design showed superior performance over other nozzle designs, generating upto 3.5 mW at a matched resistance. The ability to generate 3.5 mW showed that these materials when arrayed may be capable of generating average powers at or approaching levels required by the application. In addition it demonstrated that by controlling flow rate it is possible to couple flow energy to structures at the levels required. It was noted however, that under extended use the bimorph was damaged due to impacts of the bimorph on the throat of the spline nozzle, and its performance decreased. In addition when driven at high flow rates, the strain in the bimorph exceeded the ultimate strain and cracks formed causing a reduction in life as well as a power degradation. In order to solve this issue, new transducer designs are currently being investigated, where a non piezoelectric cantilever is fixed between two piezoelectric transducers.
